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This research was supported by the Electric Power Research Institute (EPRI) into the use 
of gas explosives as an alternative to solid explosives for slag removal in industrial cleaning 
applications. Solid explosives have been shown to cause damage to condenser pipes located 
within areas of the heat recovery steam generators where slag is present. The gas explosions 
investigated were a mixture of ethane and oxygen in three configurations of 100L bags. A series 
of tests were conducted at the Explosive Research Laboratory (ERL) in Idaho Springs, CO to 
determine if any damage would be caused to condenser pipes in proximity to the blast.  
Due to the successful demonstration of the gas explosions' viability for cleaning slag and 
not causing damage to the pipes, EPRI can continue the certification process to use this 
technology instead of solid explosive for industrial cleaning. The peak incident overpressure and 
duration of the positive pressure pulse were recorded as a function distance from the bags to 
characterize the detonation properties compared to that of solid explosives. The peak pressures at 
two meters and farther for the gas explosions were comparable to that of the solid explosives 
with no more than a 5 psi difference. The gas explosions demonstrated longer pulse durations 
than the solid explosives for all the tests. An Autodyne numerical model was then developed 
using TNT to compare to the experimental data, which showed good agreement at distances past 
three meters. However the numerical simulation was not able to capture the duration of the 
positive pulse as seen in the gas explosions. It was also shown that the gas explosions did not 
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CHAPTER 1 INTRODUCTION 
Coal-fired power plants experience a phenomenon referred to as boiler slagging or 
fouling. This slagging is the product of combustion gases depositing ash impurities on the 
internal components such as the ferritic boiler tubes and other heat transfer piping. Many factors 
are responsible for these deposits such as, fuel type, operating conditions, and the system’s 
design. These ash deposits can cause a major decrease in efficiency due to their effect of 
insulating the boiler tubes that in turn decreases the plant's thermal efficiency. Slags, being 
mixtures of oxides and sulfides can also cause corrosion to alloys. This can cause unscheduled 
downtimes, system failures and cleaning outages, which can result in millions of dollars in lost 
revenue and damages. Slag deposits can affect many parts of the boiler and typically come in 
two forms: high temperature silicate-based deposits and low-temperature calcium based deposits. 
The high-temperature deposits form, as their name suggests, in the high temperature area of the 
main boiler above 925°C. These high-temperature deposits are formed by small particles, which 
are flame-volatilized species such as sulfur or sodium, that are then deposited on the surface 
though vapor diffusion and thermophoresis (Benson 1993). The deposition of these small 
particles provides an adhesive layer that attracts larger particles to then deposit on the surface. In 
addition, coatings will form on the ash particles due to condensation to form a molten surface 
that attracts even more particles. The low-temperature deposits form under conditions between 
540° C and 900° C in the convective pass areas such as the superheater, the economizer tube 
bundles, and the re-heater. These low-temperature deposits have sulfate phases, which react to 
form calcium sulfate, producing a strong, brick- like deposit, which is hard to remove.  
 There are many methods of cleaning out the slag from the boilers that include high-
pressure steam, compressed air as well as the use of solid explosives. Explosives are desirable 
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because they require less downtime for the power plant to be offline for the cleaning process, and 
are very effective in breaking off the slag (from "Explosives Cleaning Operations" NASG). 
Typically, solid explosives such as TNT and similar compounds are used in charge sizes ranging 
from 12 grams to 2.5 kg depending on the slag type, size and location. However, there have been 
numerous cases of the solid explosive charge causing damage to internal condenser tube piping 
that is present within the boilers and the heat recovery steam generator areas of the power plant. 
This damage came in the form of dents, spalling cracks, and scab cracks forming on the internal 
diameter of these tubes. The spalling and internal cracks are not noticeable to the human eye and 
therefore would go unnoticed. This resulted in a buildup of pressure in these areas and an 
eventual burst of the tubing. The rupture of the tubing would lead to significant damage and 
downtime for the power plants, which can result in massive revenue losses. Due to the damage 
caused by solid explosives, the Electric Power Research Institute (EPRI) came to the Advanced 
Explosives Processing Research Group (AXPRO) at Colorado School of Mines to conduct 
experimental tests to investigate implementing gas explosions as an alternative method to using 
solid explosives. 
The gas explosions investigated were a mixture of ethane and oxygen that is part of an 
already established system used in other industrial cleaning projects but has not been validated 
with any experimental data. EPRI funded this project to validate that the use of this Ethane-
Oxygen mixture as a cleaning method is comparable to the solid explosives in its ability to 
remove slag while not damaging the internal components such as the condenser tubes. 
This study used a stoichiometric gas mixture of ethane and oxygen. The gas mixture 
filled 100L transparent plastic bags configured in two arrangements: (1) a single 100L bag filled 
completely to 100L and (2) a two-bag configuration with some tests partially filled to 80L and 
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some filled completely to 100L. This approach of two bags was intended to test if the doubled 
volume correlated to higher blast overpressures. Experimental tests were conducted at the 
AXPRO Explosive Research Laboratory (ERL) in Idaho Springs, CO. The Electric Power 
Research Institute provided six foot long finned condenser pipes that are three inches in diameter 
to test what blast damage, if any, would be caused by the gas explosions. 
In addition, data from previous solid explosives tests were used from charges that are 
consistent with ones used for industrial cleaning. The explosives used were Unigel, Unimax, 
Powerx, and Kinestik. Unigel and Unimax are produced by DynoNobel and are a gelatin 
dynamite type of explosive typically used for mining and rock fragmentation. Kinestik/Kinepak 
is a two part explosive typically used for demolition and explosive ordinance disposal (EOD) and 
Powerx is an emulsion type of explosive also used for rock blasting. 
 
 
Figure 1.1 Far left: image of workers holding pole with Unimax (dynamite) charge on the end, 
Middle: Image of pipes with slag build up before cleaning, 
Far right: Image of pipes with no slag after cleaning. 
 
 
When applying solid explosives for this use, technicians will be in close proximity to the 
blast since they have to be holding the charge at the end of a pole roughly 1.5 meters long, 
making it crucial to understand the potential danger from the blast pressures and to understand 
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what safety distance is appropriate for the charge being used. Therefore, understanding the safety 
distance for the gas explosions will also be an important factor to consider when evaluating their 
effectiveness for this use. The charge weights are chosen based on previous data for the 
minimum charge size that will break off the slag. Figure 1.1 shows workers extending a wooden 
rod with TNT on the end into an orifice where there is slag built up on internal piping. The 
middle image in Figure 1.1 shows the view along the pole being inserted and the slag built up in 
orange, the far right image then shows the effects after the TNT charge is initiated, which 














CHAPTER 2 PROPERTIES OF EXPLOSIVES IN AIR 
 This chapter will discuss the properties of a detonation and the resulting blast wave that is 
the principle factor responsible for removing the slag. The detonation properties of gas 
explosions and solid high explosives can have much different effects and magnitudes. This 
chapter will also discuss those differences and the properties that will affect the detonation of 
each type of explosive. 
 
2.1 Gas Explosions 
 A gas explosion is the process where a gas mixture made up of a fuel and an oxidizer 
combusts and experiences a rapid rise in temperature and pressure. Gas explosions can be 
confined or unconfined. Confined gas explosions can happen inside of pipes, processing 
equipment, or buildings, whereas an unconfined explosion occurs in open air. The state of 
confinement can have significant effects on the pressure and temperatures of the resulting 
explosion as well as the expansion of the detonation gases behind the explosion front. The 
pressure generated from the combustion wave depends upon the velocity of flame propagation 
and how pressure is able to expand away from the gas cloud, which is governed by confinement. 
When a gas cloud ignites, the flame will propagate through the cloud of the gas mixture by either 
deflagration and/or detonation. 
 A deflagration propagates at subsonic speeds through the unconsumed gas; standard 
flame speeds are on the order of 1 – 1000 ms-1. A detonation wave is supersonic and the 
combustion wave and shock wave are coupled. In a fuel-oxidizer mixture with a detonable 
composition, a detonation wave may propagate with a velocity of 1500 – 3000 ms-1 depending 
on the proportions of fuel and oxidizer in the mixture. Pressures generated from a deflagration 
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may not even reach 1 psi whereas a detonation could reach 10-50 psi, depending upon flame 
speed. A detonation would be needed for cleaning of slag because of the instantaneous pressure 
spike that arises when a shockwave forms. 
 The combustion rate of deflagration is controlled by the supply of oxygen to the 
explosion front. The explosion front travels at subsonic speeds within the unconsumed gas. 
Deflagration is controlled by a heat transfer effect, so combustion reactions are significantly 
dependent upon heat and mass diffusion in the region of energy release (Ruming 2011). For 
strong deflagrations, the combustion wave is preceded by a shockwave that is formed from the 
expansion of combustion products behind the shockwave. This combustion wave consists of a 
preheat zone and reaction layer (Ruming 2011). Detonations of gas mixtures, are initiated by the 
pressure and temperatures related to the shock wave. Detonations can be divided into two 
different types: stable detonations and unstable detonations. Stable detonations occur when the 
detonation travels without significant variation in velocity and pressure characteristics.  It is also 
possible for a detonation to die out if the input stimulus is insufficient to cause reaction that will 
sustain the propagation.  This is referred to as an overdriven detonation. Unstable detonations 
will occur during the transition from deflagration to detonation, known as deflagration to 
detonation transition (DDT). This transition occurs in a limited special zone, where the velocity 
of the combustion wave is not constant and pressure is significantly higher than that in stable 
detonation (Ruming 2011). A detonation wave is a shock wave that is immediately followed by a 
reaction zone (ZND theory). The shock compression heats the gas mixture in the bag and 
ultimately triggers the reaction between the fuel and oxidizer components of the mixture 
(Nettleton). A visual example of the detonation front and subsequent reaction zones are shown in 
Figure 2.1 in a pressure versus distance from the point of initiation plot where the wave is 
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moving from the left to the right. The rarefaction wave following the detonation front is made of 
the detonation gases that bring them from the Chapman-Jouget state (CJ) back to ambient 
pressure. The pressure at the C-J state is important in defining the detonation of an explosive 
because it is the state at which the velocity of the rarefaction wave, the shockwave front, and the 
reaction zone are equal, this velocity is called the velocity of detonation. This state will be 
discussed in more depth later in the chapter. 
 
Figure 2.1 Profile of a detonation wave (Cooper)  
 
2.2 Ethane-Oxygen Mixture  
 This section will present an analysis of the propagation of the shock waves generated by 
gaseous ethane-oxygen explosive mixtures contained in a plastic bag surrounded by air at 
atmospheric pressure. For gaseous explosions a certain ratio of the volume percentage of 
oxidizer to fuel is required for an explosion. In this case, 2.9% to 66% of ethane is required when 
mixed with pure oxygen; these conditions are known as the flammability limits. When there is 



















Conversely with more than 66% ethane, the mixture is known as rich and therefore will also 
have difficulty reaching combustion. In addition to the ratio affecting the combustion, so does 
the influence of the surrounding air. If the ethane were to be mixed with air rather than oxygen 
the inert nitrogen in the air would need to be heated to the combustion temperatures of the rest of 
the gases making the flammability limits significantly closer together 3% to 12.5% for ethane 
and air (Needham). This study uses the stoichiometric ratio of ethane-oxygen and therefore the 
mixture has about 22% ethane. The stoichiometric ratio of ethane-oxygen is 1:3.5 for full 
combustion and can be represented by the reaction equation below: 
 𝐶2𝐻6(𝑔) + 3.5𝑂2(𝑔) → 2.0𝐶𝑂2(𝑔) + 3𝐻2𝑂(𝑔)                                     (1) 
 
 Thus, upon the complete combustion of a volume corresponding to 1 mole of ethane and 
3.5 moles of oxygen, a volume corresponding to two moles of carbon dioxide and three moles of 
steam are produced. The following table shows the properties of Ethane at ambient temperature 
and pressure.  
Table 2.1 Selected Properties of Ethane 
Molar Mass 30.07 g mol-1 
Density 1.3562 mg cm-3 
Autoignition Temperature 472 oC 
Explosive Limits 2.9-66% by volume in O2 
Heat of Combustion 1561 kJ mol-1 
Specific Heat 1.766 kJ (kg K)-1  
Energy per Volume 3.5 MJ/m3 
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To calculate the detonation pressure of the Ethane-Oxygen mixture the velocity of 
detonation (VOD) must first be calculated. Once the values of the VOD and detonation pressure 
are known the gas mixture can be more effectively compared to the solid explosives. The 
following equations from Turns 1996 give an approximate value for the ideal velocity of 
detonation, starting with a table showing the molecular weight (MW) of each reactant and 
product as well as the mole (xi) and mass fractions (Yi). 
 
Table 2.2 Molar Fractions of Ethane-Oxygen Mixture 
 MWi (g/mol) Ni xi = Ni/Ntot Yi=xiMWi/MWmix 
Reactants 
(state 1) 
    
C2H6 30.07  1 0.2222 0.2116 
O2 32 3.5 0.7778 0.7884 
     
Products 
(state 2) 
    
CO2 44.01 2 0.4 0.3793 
H2O 18.02 3 0.6 0.6207 
 
The sum of the molecular weights for each state is then taken to calculate the specific heat for 
each state.  𝑀𝑊1 = ∑ 𝑥𝑖𝑀𝑊𝑖 =  31.5711 (g/mol)                                   (2) 𝑀𝑊2 = 46.4132                                                     (3) 
 
 For the reactants, the temperature and pressure used for finding the specific heat is at 298 
K and 1 atm respectively. For the products the pressure is 1 atm and the temperature used is 
3200K. The combustion of ethane in air occurs at a temperature of about 2200 K, however for 
many natural gases the combustion in oxygen can be 800-1000K higher in temperature so 3200 
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K was used for the values of cp,2 and 𝛾2.  
 𝑐𝑝,1 = ∑ 𝑥𝑖𝑐?̅?,𝑖 𝑀𝑊𝑖⁄𝑠𝑡𝑎𝑡𝑒 1                                                (4) 
 
 Once the specific heat for state 1 is calculated the specific heat for state 2 is calculated 
using the same equation. The next step is to then find the values of R and 𝛾 for state 2. 
 𝑅2 =  𝑅𝑢/𝑀𝑊2                                                       (5) 𝛾2 = 𝑐𝑝,2𝑐𝑝,2−𝑅2                                                              (6) 
  
 Where universal gas constant Ru is taken as 8.315 (J/mol-K), 𝛾 and R2 are in units of 
kJ/kg-K. q is then solved on a mass basis (kJ/kg) using the enthalpies of formation for the 
reactants and products at their respective temperatures. 
 𝑞 = ∑ 𝑌𝑖ℎ𝑓,𝑖𝑜𝑠𝑡𝑎𝑡𝑒 1 − ∑ 𝑌𝑖ℎ𝑓,𝑖𝑜𝑠𝑡𝑎𝑡𝑒 2  (𝑘𝐽/𝑘𝑔)                                          (7) 
 
Finally the detonation velocity in m/s can be calculated using the following equation: 
 
𝐷 = [2(𝛾2 + 1)𝛾2𝑅2 (𝑐𝑝,1𝑐𝑝,2 𝑇1 + 𝑞𝑐𝑝,2)]1/2                                          (8) 
  
 For the mixture used in this study the ideal detonation velocity was calculated as 3045.1 
m/s where the detonation velocity is defined as the rate at which the detonation wave enters the 
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unburned mixture. The detonation pressure is the next important value to define the 
characteristics of the gas explosion, which can be calculated with the following ideal equation 
(Cooper 1996): 
 𝑃𝐶𝐽 = 𝜌𝑜𝐷2 ∗ (1 − 0.7125𝜌𝑜0.04)                                       (9) 
 
 Where pressure is given in kilo-bars and density is given in grams per centimeter cubed. 
Once converted, the ideal detonation pressure was calculated from the velocity of detonation 
above and was found to be 855.7 psi. 
 
2.3 Solid Explosive Comparison 
 In order to verify the effectiveness of the gas explosive for cleaning applications, the 
experimental testing was compared to solid explosives already used for this application. All of 
these explosives are detonator sensitive and use a #8 detonator to initate. Unigel and Unimax 
need a minimum 25mm charge diameter size for initiation as prescribed by their manufacturer 
DynoNobel. The following table presents the density the velocity of detonation and detonation 
pressure (C-J state) for the selected high explosives. 
 
Table 2.3 Detonation properties of selected solid high explosives 






Unigel 1.30 4300 60 
Unimax 1.51 5300 106 
KineStick 1.20 6300 121 
Powerex 1.18 4700 not given 




 For comparison, the detonation pressure in psi for the Unigel would be 870226 psi, 
roughly 1000 times higher than the estimated detonation pressure of the Ethane-Oxygen at the C-
J state. 
 
2.4 Shock Waves in Air 
 The shock front of a blast wave is a significant determining factor in its behavior, which 
is dependent on the explosive charge geometry; various expanding shock wave shapes may be 
anticipated (e.g. planar, spherical, cylindrical, etc.). The pressure at the shock front minus the 
ambient pressure is an important characteristic factor of the shock front. This parameter can be 
measured directly with instrumentation such as piezoelectric sensors placed at specific ranges in 
distance. When studying the effects of blast waves within structures such as the boilers, two 
additional pressures perform a significant role: (i) dynamic pressure and (ii) reflected pressure. 
 Dynamic and reflected pressure can have very different values from each other making it 
important to study the effects of each (Needham 2010). Dynamic pressure, q in equation (2) is 
described as a force applied in the direction of the gas motion. Typically used in calculating 
propulsion it can be simply represented as the density multiplied by the square of the fluid 
velocity divided by two. However, using the Rankine-Hugoniot (Zukas 1997) expressions it can 
be shown in the form: 
 𝑞 =  𝑃𝑠22𝛾𝑃𝑎𝑡𝑚+(𝛾−1)𝑃𝑠                                                                (10) 
 




 Reflected pressure is then described as the pressure of the reflection of a shockwave from 
a solid surface. The reflected pressure is dependent on the incident angle the shock wave makes 
with the surface, but for this study the angle of incidence is taken to be 90 and the reflected 
pressure can be represented with the following expression. 
 𝑃𝑟 = 2𝑃𝑠 + (𝛾 + 1)𝑞                                                        (11) 
 
The reflected pressure can have values almost an order of magnitude higher than the 
incident overpressure, which is important when evaluating the potential damage caused by the 
explosives. For the purposes of this study, only the incident pressures were recorded. However, it 
is important to note that in a confined space such as that of an actual boiler the reflected pressure 
is an important factor to consider. As mentioned before, a shockwave has a rapid increase in 
pressure above ambient pressure, this is known as overpressure, which then decays below 
ambient pressure once the wave passes and eventually will return to ambient pressure. There are 
two characteristic phases of a shockwave, the positive and the negative phase. The positive phase 
is when the pressure is above ambient pressure, the negative phase is when the pressure is below 
ambient pressure. For the purposes of industrial cleaning, only the positive phase will cause 
damage to slag and the pipes so that was the focus of this study. In the following figure,  Ps  is the 




Figure 2.2 Plot of typical shockwave pressure profile as a function of time. 
 
 
 The amount of time the overpressure is in this positive phase is called the positive phase 
duration; this duration is one of the major factors that can distinguish a solid explosive from a 
gaseous one. Typically a gaseous explosion will have a much a longer positive duration. The 
longer duration of the pulse and lower pressures can be shown through the Hugoniot conditions 
(Zukas). The figure below shows the jump conditions of an unreacted explosive (A) transitioning 
to the Chapman-Jouget state (B). There are two materials represented in the figure as the 
explosive will have to 'jump' from one physical state in the unreacted explosive to another 
physical state in the detonation gases. The C-J state as represented by point (B) is a point on the 
Rayleigh line tangent to the Hugoniot curve of the detonation products. The Rayleigh line is the 
line connecting the initial state of the unreacted explosive and the final shock state. The C-J state 
is the state at which the velocity of the reaction zone, rarefaction front, and shock front are in 
equilibrium and this state is what is used to define an explosive by it detonation pressure and 




Figure 2.3 Hugoniot curves showing the unreacted state to CJ state on the P-v plane 
 
 Therefore, at the shock front there can be an assumption for conservation of mass (12), 
momentum (13), and energy (14). This conservation can be defined by the Rankine-Hugoniot 
equations (Zukas): 𝜌𝐶𝐽𝜌0  =  𝑉0𝑉𝐶𝐽  =  𝐷𝐷−𝑢𝐶𝐽                                                (12) 𝑃𝐶𝐽 = 𝜌0𝑢𝐶𝐽𝐷 = 𝑢𝐶𝐽𝐷𝑉0                                                 (13) 𝐸𝐶𝐽 − 𝐸0 = 12 (𝑃𝐶𝐽 + 𝑃0)(𝑉0 + 𝑉𝐶𝐽)                                      (14) 
 
Where, 𝜌𝐶𝐽 is density at the C-J state, 𝜌0 is the density at the unreacted state, VCJ is the 
specific volume at the C-J state and V0 is the specific volume at the unreacted state, D is the 
velocity of detonation, uCJ is the particle velocity at C-J state, PCJ is the detonation pressure (C-J 





Then, if we know the ratio of specific heats, 𝛾, is shown to be related to the specific 
volume by: 𝛾 = 𝑉∆𝑉                                                           (15) 
 We can then relate that to the change in specific volume of the detonation by putting it in 
terms of VCJ. At this point the momentum balance can be shown in terms of gamma such as in 
equation (17). 𝛾 = 𝑉𝐶𝐽𝑉0−𝑉𝐶𝐽                                                             (16) 𝑃𝐶𝐽 = 𝜌0𝐷21+𝛾 = 𝐷2𝑉0(1+𝛾)                                                      (17) 
 
Knowing these variables can show why a gas explosion with low density, a low velocity 
of detonation and a smaller relative change in specific volume when at C-J state will have 
significantly lower pressures than that of a solid explosive. In addition it can be seen that the 
energy required to 'jump' an unreacted solid explosive instantaneously to a gaseous state will 
require much higher energy than it will take for a gas to 'jump' to another gaseous state. 
Another important factor to consider in shockwave formation is the presence of reflected 
waves. As mentioned before, the reflected waves can have much higher overpressures due to the 
air being heated and compressed from the incident wave. This reflected wave could overtake the 
incident wave creating a uniform shock front, which is known as a Mach stem. The interaction of 
waves occurs at a point called the triple point. If an explosion were to occur above the ground, as 
is the case in the experiments presented in this work, the Mach stem will form. The Mach stem 
will then move across the ground and expand as it moves further from the center of the explosion 
(Glasstone et al. 1977) which may cause a higher recorded pressure near the ground depending 
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on the distance form the center of the blast.  
Objects in the path of this Mach region, below the triple point path, will experience a 
shock and overpressure several times higher than that of the incident wave.  Eventually the Mach 
stem will increase to a point where it disappears and becomes a spherical shape like the original 
incident shockwave. 
Figure 2.4 Mach stem formation (Glasstone et al. 1977) 
  
2.5 Safety Distance Considerations 
 In order to determine a safety threshold for the overpressure experienced from these gas 
explosions, two major factors have to be accounted for; the overpressure and the impulse 
duration (Kinney 2013). The threshold curve for the 99% survivability limit for lung damage to a 
human from different overpressure and pulse duration values is presented below in Figure 2.5. 
These threshold curves are dependent on the size of the person in question and the direction of a 
reflected shockwave among other factors so the values can vary among studies. However, they 
all show similar results: the higher the positive pulse duration and the higher the pressure the 
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lower the survivability. In the following figure, the threshold for lung damage is shown with 
three example points of where a shockwave would intersect this curve given a certain 
overpressure and duration. These points show how the higher overpressure values correspond to 
lower duration values. 
 
Figure 2.5 Threshold curves for lung damage to 70 kg man from normal reflected shockwave. 
(White et al. 1971) 
 
 For the purposes of this work, a detonation with rapid rise in pressure followed by a long 
pulse will be taken in to consideration, as this would be consistent with gas detonations. So this 
criterion will align well with above plot as a standard to measure from. 
 Ear damage is also a possibility when dealing with explosions. Similarl to the lungs, rapid 
increases in pressure as well as the long positive pulse duration can cause a higher chance for 
eardrum rupture than shorter pulses and lower pressures. Many sources of published data White 
1971, Lees 2005, and DOE "Manual for the prediction of blast and fragments loadings on 
structures" cite a threshold value of hearing damage at a peak overpressure of 5 psi for blast 
waves arriving at a normal angle. This threshold value is for a 1% probability of eardrum 
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rupture. Other sources such as Cooper show a threshold based on both the overpressure and the 
pulse duration. Cooper shows a threshold value of about 2.7 psi for long duration pulses. The 
threshold for ear damage used in this study will be a conservative 2 psi to remain below the 1% 
















CHAPTER 3 EXPERIMENTAL PROCEDURE 
3.1 Test Setup 
All testing was performed at the Explosives Research Laboratory in Idaho Springs, CO.  
Eight gauges were used for near-field and far-field tests and data was obtained by using a variety 
of standoff gauge distances as shown in Figures 3.1 and 3.3.  For the near-field tests, five 
pressure gauges were arranged in a semi-circle, all one meter from the center of the bag, as 
shown in Figure 3.1.  Three gauges were arranged in a concentric semi-circle 2m from the center 
of the bag. For the far field tests, the gauges were arranged at varying distances from 1m to 12m 
away from the center of the bag as seen in Figure 3.3. The max distance attainable was 12m due 
to the size of the test range. Two test series were conducted to characterize the blast wave of the 
gas explosion and to evaluate tube damage form the gas explosion. Two far-field and four near-
field tests were done for each bag configuration. The bags were configured in three ways: (1) a 
single 100L bag hanging horizontal with respect to the ground (figure 3.4), (2) two 100L bags 
hanging vertical with respect to the ground (figure 3.5) and (3) two 100L bags filled to 80L also 
hanging vertical with respect to the ground (figure 3.5). The double 80L tests were conducted to 
evaluate whether the volume of gas had a significant effect on the blast overpressure and 
duration. Many of the single 100L and double 80L bags were detonated on pipes multiple times 
to evaluate the pipe's durability to multiple blasts. The bags and pressure sensors were all 










Table 3.1 Ethane-Oxygen Test Matrix 













a. Pressure Wave Cleaning Technology Far-Field Near-Field 
 Single 100L bag fully inflated 2 4 
 Double 100L bags fully inflated 2 2 
 Double 100L bags inflated to 80L 2 4 











 100L Single Bag - Standoff: Proximity  
 Simulate one cleaning 1 
 Simulate repeat cleanings 2 
 Simulate multiple cleanings 5 
 80L Double Bag - Standoff: Proximity  
 Simulate one cleaning 1 
 Simulate repeat cleanings 2 
 Simulate multiple cleanings 3 
 100L Single Bag - Standoff: 1m  
 Simulate one cleaning 1 
 Simulate repeat cleanings 2 
 Simulate multiple cleanings 5 
 80L Double Bag - Standoff: 1m  
 Simulate one cleaning 1 
 Simulate repeat cleanings 2 
 Simulate multiple cleanings 5 
 100L Double Bag - Standoff: Proximity  









Figure 3.2 Image of near-field gauges set up around cardboard used to simulate where the 






Figure 3.3 EPRI experimental test setup for far field pressure gauges 
 
 







Figure 3.5 Image of double bag configuration 
 
 
3.2 Initiation of the Gas Mixture  
 The FS17 firing set was used for triggering of the system that is normally used at the 
ERL for AXPRO experimentation. A Teledyne Electric Bridge-Wire Detonator (EBW) used 
with only the electric spark to initiate the gas.  They had a 4000-volt pulse, with 1500 amps peak 
current into low resistance load at 8 Joules. The EBW was placed at the end of the mixing 
chamber before the tubing leading to the bag. The chamber was then connected to the 1” flexible 
stainless steel tubing, which was then connected to the bag. The bag was then filled with the 
stoichiometric optimized mixture of Ethane and Oxygen in the mixing chamber using a 
proprietary system that measured the volumetric ratios for each gas, with the specific volumes 




Figure 3.6 Diagram of the firing setup 
 The minimum energy required to detonate the fuel mixture is related to the Spalding mass 
transfer number (Nettleton) denoted as B in the following equation, 
𝐵 =  𝑞𝑠𝑡𝐻+𝑐𝑝𝑎(𝑇𝑔−𝑇𝑏)𝐿+𝑐𝑝(𝑇𝑏−𝑇𝑠)                                                        (13) 
Where, qst = mass ratio of fuel to air in a stoichiometric mixture, H = heat of combustion cpa = 
specific heat of air, cp = specific heat of fuel, L = latent heat of evaporation of fuel, Tg = gas 
temperature, Tb = boiling point of fuel, Ts = surface temperature of the fuel. 
To then determine the minimum ignition energy, two methods are used. One for 
approximation is comparing the value of B with that of known fuels on a plot that shows 
minimum ignition energies (Nettleton). Ethane would fall in the range of the other gaseous fuels 
with a B value greater than 6 meaning the minimum energy would be between 0.1 and 1 mJ of 
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energy. For comparison, solid fuels have a B value between 0 and 4, requiring 1-400 mJ of 
energy for ignition. The other, more accurate, method for determining the Emin would be to relate 
the quenching distance (dq) with other constant values of the mixture to calculate Emin. The 
quenching distance is highly dependent on conditions such as the homogeneity and turbulence of 
the mixture. Where, cp is the specific heat of the fuel, 𝜌𝑎 is the density, and T is the temperature 
of the fuel. 
𝐸𝑚𝑖𝑛 =  𝜋𝑐𝑝𝜌𝑎∆𝑇𝑑𝑞3                                                       (14) 
 The system was flushed with the optimum gas mixture and the bag was filled to the 
prescribed volume. Once filled, the system was closed and energized using the FS17 unit to 
initiate the combustible products in the initiation chamber. It is possible that the energy used for 
initiation was high enough to trigger a detonation wave immediately, which then moved down 
the tubing. Another possibility is that a combustion wave formed and propagated through the 
initiation chamber to the flexible tubing and into the bag. If a combustion wave formed through 
the flexible tubing it then accelerated to a detonation wave before reaching the bag. The distance 
it takes for a flame to accelerate from ignition to a detonation wave is called the run distance 
(Xd). This distance is dependent on the diameter of the confining pipe and the initial conditions 
of the mixture such as pressure (po).  
𝑋𝑑 =  𝑘𝑝𝑜𝑚                                                           (15) 
 This equation shows that as the initial pressure is increased the run distance will decrease 
with k being a fitting constant and m being a value between 0.4 and 0.8, depending on the fuel 
mixture. The run distance also depends on the diameter of the tube, which can be approximated 
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by the following equation: 
𝑋𝑑 =  𝑑1.250.36(𝜇 𝜌𝑜⁄ )                                                        (16) 
 Where, d = tube diameter (mm), μ = dynamic viscosity of the medium behind the shock 
(Pa-s), ρ = mixture density ahead of the shock. (kg/m3) 
As tube diameter decreases the run distance decreases exponentially. A pipe diameter of 
25 mm for a hydrocarbon mixture would result in a run-up distance less than 5 m (Nettleton fig. 
5.14). The run distance is highly variable due to the aforementioned factors, making it 
challenging to determine accurately. For the purposes of this work, the run distance was not 
investigated. However, using the 25 mm approximation, it was assumed the mixture would reach 
detonation before reaching the bags, making it more likely the bags would consistently detonate. 
 
3.3 Solid Explosives Test Setup 
 Data was also used form solid explosive testing that was conducted as part of a class for 
Missouri Science and Technology class that was being conducted at the Explosive Research 
Laboratory (ERL). For the tests, a charge of one stick of solid explosives was set up, which were 
hung one meter off the ground. Each stick had varying weights from 0.203 kg to 0.409 
kilograms. Three tests were conducted for each explosive, as shown in the table below. 
These charges were also measured using the same piezoelectric pressure gauges as the 
gas charges but arranged so both a near-field and far-field profile could be used for every test. 
Five gauges were set up in a semi-circle 2m from the charge, one gauge, 4m from the charge, 
and one gauge 5m from charge as shown in the figure 3.7. These tests with the solid explosives 
have a similar set up to that of the gas explosions and therefore the results will be used for a 
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general comparison to that of the gas explosives. There are only three data points at 2, 4, and 5m 
from the charge making the experimental comparison to gas explosions further than 5m difficult, 
however a comparison at those further distances was evaluated using the numerical results. The 
test set-up is shown in the following figure, showing a stick Unimax suspended one meter off the 
ground. 
Table 3.2 Test matrix for solid explosive experimental study. 































Figure 3.8 Solid explosive testing pressure gauge positions 
 
3.4 Instrumentation 
 The blast overpressure and impulse were recorded using five piezoelectric pressure 
gauges PCB models 137A23. These free-field ICP pressure probes are specifically designed for 
measuring field blast and shock tunnel pressure time profiles using a stable quartz piezoelectric 
element in an Invar housing. The five sensors were dynamically calibrated by PCB giving them a  
+/- 1%  uncertainty. Each gauge diaphragm is insulated using vinyl electrical tape to minimize 
the possibility of signals generated by the passing of the shock front as shown by the white tape 
in the following figure. They also must be isolated from metal to metal contact as shown by the 
black electrical tape in the following figure. The bodies of the gauges were isolated from the 
ground by placing vinyl electrical tape in the contact surface with the steel stand, which reduces 




Figure 3.9 Blast Pencil PCB 137A23 Setup 
 
 The pressure sensors are connected by coaxial cable to a PCB sensor signal conditioner 
model 482C05. These are then wired to the channels of two Tektronix DPO72004C 
Oscilloscopes where the signal provided by each gauge was recorded and written to an excel file. 
Each recording provides the time and pressure information data from the pressure gauge. 
Triggering was implemented from the firing system and a signal differentiator that provided a 2-
volt output to the high-speed camera and the oscilloscopes. A high-speed camera, Phantom Veo, 
with frame rates between 72,000 and 140,000 and an exposure of 31 ms recorded a close view of 
the exploding bag to capture the flame propagation and velocity across the ethane-oxygen 
mixture. This high-speed imaging allowed for velocity calculations of the reaction within the 
bags, which allows for calculations to characterize the detonation velocity and pressure within 
the bag. They also provide visual information for any unusual phenomena seen in the pressure 
reading such as unexpectedly low pressures that may result from a bag that only deflagrates. 
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CHAPTER 4 EXPERIMENTAL RESULTS 
 This chapter will present the results from the experimental testing for all the Ethane-
Oxygen tests conducted at ERL as well as the various solid explosives also tested at ERL. The 
goal of this section is to show the peak overpressures as a function of distance for each of the bag 
configurations and compare those overpressures to that of the solid explosives to make a 
determination of the gas mixtures' effectiveness for breaking off the slag. This section will also 
present the values of the overpressure duration because those values can have an effect on safety 
distances to personnel as well as the behavior of reflected waves within the setting of the boiler. 
This section will also cover how the near-field overpressure results correlate to what is expected 
in solid explosives and also discuss the results of measuring the shock front velocity within the 
bags and how that compares to the estimated velocity of detonation. 
 
4.1 Analyzing Oscilloscope Data 
 Each set of oscilloscope data was put into a Matlab program to determine peak pressure 
readings for each gauge and duration of the positive phase of each detonation. The data from the 
oscilliscope was first saved in an Excel format and then loaded into Matlab. Each gauge has a 
slightly different calibration so the four channels on each oscilloscope need their pressure 
baseline to be normalized as well as the sensitivity of each gauge accounted for to convert from 
the mV to psi. Once these two effects are considered then the peak overpressure and impulse can 
be found. The following plots show the raw oscilloscope reading and the normalized Matlab plot 




Figure 4.1 Screenshot of raw oscilloscope data after test is conducted 
 




Figure 4.3 Pressure time history plot for single gauge at 1m from ethane-oxygen explosion 
 
4.2 Peak Pressure Ethane-Oxygen Mixture 
The data for each shot that did not detonate was removed and plotted separately to show 
the pressure differences between an explosion that reaches a detonation and one that either 
deflagrates or appears to have no reaction at all, which will be shown in section 4.3. Tests where 
the bags did not detonate had very distinct characteristics that were observed in both the high-
speed imaging and the pressure data, which will be discussed in a following section. The 
following 3D surface plot, figure 4.4, shows the peak pressure change as a function of distance 
from the center of the explosion. The red dots indicate the gauge locations where the data was 
collected. Each gauge location also has the duration of the positive pressure phase in white text 
next to it. The pulse duration should increase as the gauges get further from the center of the 
blast. There is a discrepancy with the duration at the 6m gauge, most likely due to the test 
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location causing reflected waves to skew the data in that location. These locations allowed for 
the rest of the surface to be created by interpolation between the gauge points. The white line is 
the conservative safety distance discussed in the introduction where damage to human organs 
will be present if pressures are greater than 2 psi. Figure 4.4 shows that within 4m from the 
center of the 100L gas explosive the 2 psi limit is reached. The pressures then rapidly decay 
below 2 psi further than 4m from the center of the explosive. It is important to note that the 
safety distance of 4m is only accurate for this particular shot using a single 100L bag. For the 
double bag studies, the safety distance is extended with the averages at the 6m gauge reading an 
average 2.33 psi and the gauge at 8m reading an average 1.50 psi.  
 
 








All three of the bag configurations had very similar overpressure values and trends. Each 
configuration was tested on boiler pipes as mentioned earlier so three sets of data are presented 
for each configuration: Standoff, Proximity, and No Pipes. In the standoff tests, the center of the 
bag was 1m away from the pipes, in the proximity tests the bag was touching the pipes, and in 
the 'no pipes' tests there were no pipes present for the blast. Figure 4.5 and 4.6 show that the 
presence of the pipes has a definite effect on the overpressure values at a close distance. The 
proximity tests had overpressures more than 5 psi higher (~20%) for all the tests as compared to 
the ‘no pipes’ tests. This indicates that the pressures being recorded at those close distances are 








Figure 4.6 The pressure decay of double 100L bags and double 80L bags with different locations 





Table 4.1 Overpressure values for tests with no pipes present 







Std. Dev. Overpressure 
(psi) 
Std. Dev. 
1 15.787 0 20.493 2.956 16.931 0.379 
2 5.602 0 8.086 0.078 6.445 0.703 
3 3.120 0 3.148 0.000 3.870 0.524 
4.5 2.180 0 3.651 0.733 3.542 0.394 
6 1.513 0 2.234 0.097 2.185 0.102 
8 1.187 0 1.480 0.019 1.478 0.173 
10 0.786 0 0.990 0.078 0.908 0.055 
12 0.711 0 0.841 0.105 0.797 0.038 
*single 100L tests with no pipes had several failures to detonate resulting in only a single 
successful test. 
 
Table 4.2 Overpressure values for tests with pipes 1m from charge 
Standoff  Single 100L Double 100L Double 80L 
Distance Overpressure 
(psi) 
Std. Dev. Overpressure 
(psi)  
Std. Dev. Overpressure 
(psi) 
Std. Dev. 









2 5.742 0.167 8.555 0.869 
3 3.274 0.640 3.788 0.207 
4.5 2.361 0.937 2.268 0.000 
6 1.779 0.038 2.037 0.155 
8 1.184 0.190 1.492 0.077 
10 0.712 0.364 0.820 0.088 
12 0.650 0.385 0.684 0.092 
 
 
Table 4.3 Overpressure values for tests with pipes touching charge 
Proximity Single 100L Double 100L Double 80L 
Distance Overpressure 
(psi) 
Std. Dev. Overpressure 
(psi)  
Std. Dev. Overpressure 
(psi) 
Std. Dev. 
1 22.397 1.906 28.466 1.975 25.903 2.748 
2 6.566 0.317 9.023 0.191 10.254 0.486 
3 3.215 0.100 4.013 0.125 4.098 0.145 
4.5 1.616 0.059 2.171 0.130 2.558 0.167 
6 1.569 0.004 2.016 0.356 2.005 0.168 
8 1.344 0.158 1.390 0.014 1.548 0.201 
10 0.695 0.052 0.769 0.007 0.854 0.089 




4.3 Detonation Failures in Single 100L Tests 
In Figure 4.7, the far field profiles for 100L shots that detonate are compared to the shots 
that deflagrated. The shots that deflagrated had significantly lower pressures by an order of 101 
(note that the y-axis is logarithmic). When the tests were conducted it was clear when a shot 
would not reach detonation because of these low pressures.  Less than 1 psi at 1m away was 
typical of the shots that deflagrated, whereas 15-20 psi was typical of a shot that detonated. As 
far as safety distance is concerned, a deflagration of this type (<1 psi) does not reach pressures 
that would cause any hearing or lung damage. 
 
 
Figure 4.7 Comparison between single bag 100L shots that detonated vs. deflagrated 
 
The following figure, figure 4.8, shows a spherical blast wave indicative of a detonation. 
As the wave moves across the bag, many features of a typical detonation wave are present. 
Figure 4.9 shows the propagation of a deflagrating gas mixture. During deflagration the blast 
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moves in a linear path directly out of the tube where the blast is initiated and propagates slowly 
as compared to the detonation. This detonation failure only occurred in the single bag 100L tests 
and could not fully be characterized but the high-speed imaging relayed some insight into this 
phenomena. For bags that failed to detonate, the expansion of the explosion appears to move 
backward at a certain point into the explosion sequence i.e. it expands back towards the point of 
ignition rather than expanding along the length of the bag. In the following figures, image 
sequences of this phenomenon can be observed. In Figure 4.8 a successful detonation occurred, 
which resulted in the formation of a shock front, shown as the smooth black arc in the images. 
The black area is the reaction zone of the explosion, which moves from the point of initiation on 
the left of the bag steadily to the right side of the bag. However, in figure 4.9, this black area is 
the reaction due to deflagration so there is no formation of a smooth arc (shock front). The 
reaction also, not only moves from the left to right across the bag but also expands to the left past 
the initiation point in the images. The reasons for this are most likely due to the bag occasionally 
separating from the nozzle, twisting with respect to the nozzle, and inconsistencies in the bags’ 
construction (stretched out sections) however more testing focused on this situation would have 
to be conducted for a definitive conclusion. The separation allowed some gases to escape, 
resulting in weaker confinement and reduction of pressure in the bag.  This only occurred during 
the single 100 L bag tests, most likely due to the reliance on a single bag whereas the double bag 






Figure 4.8 Inverted image of successful detonation in single 100L bag 
 
 




Figure 4.10 Detonation (left) vs Deflagration (right) in one single bag 
 
The double bag tests did not experience failures but they did have mistiming issues on the 
bags not detonating simultaneously, which occurred in four of the double 80L bag shots. The 
other notable difference with the double 80L shots was the higher variation in peak pressures as 
seen by the error bars for the shorter distance gauges in Figure 4.6, which is most likely due to 
the decreased density of the gas in the bag. This mistiming was observed in some of the high-
speed videos and indicated there was sympathetic detonation in the 80L double bags. This 
appears to be a sympathetic detonation because the bag initiates in the corner nearest to the first 
bag rather than the middle of the bag where the jet flame enters into the bag. There was a 597 μs 
(micro-second) delay between the first bag and the second bag’s initiation. It took 347 μs for the 
shock front to go from the nozzle to the end of the bag and then another 250 μs went by before 





Figure 4.11 The left frame shows full detonation of the right bag then the second frame shows 
the blast initiating in the top right corner of the left bag 
 
4.4 Velocity of Shock Front for Single and Double Bags 
To calculate the velocity of the shock front in the bags, a still image of the bag with 
known measurements (Figure 4.11) was taken and these dimensions were superimposed into the 
high-speed imaging frames to calculate shock front velocities across each bag. The velocity of 
each shock front was computed using Vision Research Phantom Camera Control 2.8. In this 
case, only shots that detonated were studied because they have a clear shock front that can be 
seen in the software, whereas the deflagrations do not have a clear leading edge making the 
velocity calculations unreliable and inconsistent. To calculate the velocity, a frame of the 
explosion was taken with a known time in microseconds and then the distance of the shock front 
from the initiation point was measured. Each distance of the shock front in each frame was 
plotted against time and a straight line was fitted to the points. The slope of this line is the 
velocity of the shock front in that test. For example, figure 4.12, which shows the plot used for 
calculating the velocity, which for this specific test was a single 100L bag and had a velocity of 
2320 m/s. There is a gap in the data that is due to the pressure gauge stand blocking the view of 
the camera.   
On average, the 100L bags had a shock front velocity of 2245.8 m/s, the double 100L 
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bags had a velocity of 2239.2 m/s and the double 80L bags had a shock front velocity of 2067.9 
m/s. The difference between the average velocities in the left and right bags in the double bag 
configuration was 30 m/s (1.3%) in the double 100L tests and 2 m/s (0.09%) in the double 80L 
tests, making the variance between bags negligible compared to the overall average velocity. 
These averages also show that the 100L bags have consistent velocities regardless of being in a 
single or double bag setup. These velocities are much lower than what is predicted for this 
ethane-oxygen mixture, which is at an ideal calculated maximum of 3045 m/s. The ideal value 
was calculated at 1 atm (sea level) which allows for a higher velocity than the air pressure at 
8000 ft where the experiments where conducted. Also, the equation to calculate the detonation 
velocity relies on the knowledge of the temperature of the gas at the two states, before and after 
detonation, the first temperature was assumed to be 298 K and the second to be about 3200 K. 
These two temperatures, especially the temperature of the reaction products may not be 
consistent with the actual testing making the predicted VOD value different from the 
experimentally determined values. 
 
 4.4.1 Acceleration of Detonation Wave 
 An important factor to consider in these gas detonations is whether the detonation wave is 
accelerating as it moves through the gas in the bag. This acceleration could have an effect on the 
safety distance based on the orientation of the bag. For the velocity measurements each time 
point is manually selected within the software so there is not a perfect uniformity between each 
successive point in time and distance. This human error means that although the calculations 
give linear data as seen in Figure 4.12, there could be slight acceleration/deceleration of the 
shockwave in the bags. To determine if there was an acceleration or deceleration, the difference 
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in position was taken between each point in the plot and re-plotted as an error from the average 
distance between points (i.e. standard deviation of the fit). The average of this error is taken and 
if this average is above zero there is acceleration and if it is less than zero there is a deceleration. 
The average error was 1e-5, this value is small enough that it can be assumed there is no 
functional acceleration within the bags. 
 
Figure 4.12 Example of velocity calculation in single 100L bag used for error analysis. 
 
4.5 Pressure Profile for Near Field Data 
The near field data for pencil probes one through five were evaluated to determine the 
pressure peaks for each shot that detonated as well as the profile for peak pressures around the 
bag as shown in Figure 4.12. Typically, for cylindrical shaped solid explosives the overpressure 
coming from the long axis of the cylinder will have the highest overpressure coming from the 
blast wave and the lowest pressure at the end of the cylinder where the surface area is the lowest. 
Esparza (1992) showed that for a cylinder of TNT with a length to width ratio of 4 to 1, there can 
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be an overpressure at 1m approximately double when going from 0 degrees off the long axis to 
90 degrees off the long axis. This was also shown with the experimental results from the various 
solid explosives tested, which were all cylindrical charges. All those tests resulted in the highest 
pressure at 90 degrees to the long axis of the charge as seen in Table 4.5 below. It was therefore 
predicted that the 100L bag when inflated, would act in a similar fashion, having a dimension of 
750mm by 500mm. However, the length to width ratio for the bags being 1.5 to 1 means it would 
be expected that there would be less significant difference between the pressures at 90 degrees 
off the bag's axis and 0 degrees off the bag's axis. 
 
 
Figure 4.13 Plot of pressure peaks for single 100L bags at 0-180 degrees 
 
 The peak pressure results were inconclusive as a function of the position oriented with 
the 100L bags. It would appear that the highest pressure is obtained at the gauge 4 positions, 
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which is 45 degrees off the axis of initiation. However, one of the shots appeared to have its 
highest pressure at the end of the bag along its longitudinal axis and the pressure reading at that 
45o angle had a high standard of deviation. More data is needed to get a clear understanding of 
how the peak pressure changes depending on orientation from the bag. From the data here it can 
be shown that for single bags the pressure stays the same across the different angles and 
therefore would not have the same significant effect on orientation as a cylindrical charge of the 
solid explosives might have. 
 
Figure 4.14 Plot of average pressure peaks for double 80L and 100L bags at 0-180 degrees 
 
 For the double 80L bag tests, the pressure profile has a clearer pattern. Positions 1-5 can 
be seen in Figure 4.14 and indicates that the highest-pressure values are obtained at positions of 0 
and 180 degrees.  The pressure values decrease as the gauges move radially to position three. This 
decrease in pressure may be due to the direction of the blast wave propagation moving outward 
and down, meaning it will reach gauges 1 and 5 before the rest of the gauges. These tests show 
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there is a connection between the orientation and the pressure. In terms of the safety distances, it 
would appear that the distance would be extended if one were at the 90-degree position as opposed 
to the 0 or 180 degree positions. 
 
Table 4.4 Near-field gauge readings for ethane-oxygen mixture 
Near-
Field (1m) 















0 18.176 3.555 30.574 8.374 44.236 12.888 
45 44.186 19.228 27.688 0.031 25.313 6.291 
90 21.058 1.559 32.000 6.148 16.708 2.591 
135 25.533 3.366 42.783 3.817 29.742 7.159 
180 22.895 3.184 35.365 5.609 37.157 11.216 
 





















0 6.861 0.341 4.420 0.820 7.080 0.160 3.600 0.680 
45 7.999 1.273 4.500 1.700 10.480 0.040 10.360 5.680 
90 8.835 0.175 4.910 1.600 11.280 0.160 7.080 1.800 
135 7.012 0.248 4.460 0.060 9.000 0.080 5.520 0.840 
180 3.806 0.098 4.159 0.960 5.240 0.200 4.000 0.400 
 
4.6 Solid vs. Gaseous Explosives Far-Field Experimental Results 
To demonstrate a comparison in the detonation properties of the ethane-oxygen gas 
explosion and other more typical solid explosives, several far-field tests were done to show the 
peak pressures. Data from the solid explosives tests are shown in Figures 4.15 and 4.16 and 
compared with the results from the different volumes of gas mixtures. The pressures seem to 








Figure 4.16 Duration of overpressure of experimental results for solid and gas explosions from 
one to six meters. 
 
The following table depicts the average peak overpressure values for the various tests as 
well as the duration of the positive pressure for the blast as seen in the above plots. It can be seen 
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how rapidly the pressure values of the high explosives decay compared to the gas explosive. This 
shows that the impulse of the gas explosions (integral of pressure-time profile from shock arrival 
to end of positive phase of the pressure pulse) is larger than that of the solid explosives tested here. 
This is also clearly shown by the actual positive pulse duration values, which for all three volumes 
of gas explosions are close to twice as long as the solid explosives past 5m. This is important 
because the increase of the pulse duration even from 1 to 1.5 ms will increase the threshold of lung 
damage by 10 psi (Kinney 2013). Another note from table 4.6 is that the velocity of detonation 
values for the gases are measured from the experiment while the velocities for the solid explosives 
are from the manufacturers labeling. 
 
Table 4.6 Solid vs. gaseous explosive experimental data comparison (average values) 
Charge VOD 
Gauge Distance from Charge (Pulse Duration) 
2m 4m 4.5m 5m 6m 































































*Solid Explosives labeled by trademark titles. 
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 High explosives typically produce higher peak overpressures and shorter durations for 
similar energy content in terms of heat of reaction as compared to gaseous explosives. Referring 
back to Table 4.6, the pressure at 6m for the gas explosions is higher than the pressure at 4m for 
the solid explosives across the board. This is also demonstrated in the above figure where the 
decay of pressure for the gas is plotted against the solid high explosives. Their respective curves 
start to cross at about 4m and if the plots were extended to further distances it would be seen that 
the solids curves would drop below the gas mixture’s curve. 
  
4.7 Tube Damage 
 Following the testing, a group at Colorado School of Mines evaluated the condenser 
tubes to determine if damage had been done as a result of the gas explosions. They sectioned the 
pipes by cutting them in 3-inch sections then cutting them in half along the longitudinal axis. The 
tubes were then polished and evaluated using high-resolution imaging and liquid penetrant tests 
to determine if any cracks had formed. The results of their evaluation showed no damage was 
done to any of the tubes subjected to the gas explosions. 
 
 
Figure 4.17 Sectioned condenser tubes samples used to evaluate damage from gas explosions 
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CHAPTER 5 NUMERICAL MODEL 
 For further study of the gas explosions especially for testing within different structures of 
the power plants, modeling the explosions using a numerical simulation can enhance the ability 
to predict the effects of the detonation. For this study Autodyne was used as the modeling 
software, a common choice for modeling air-blast effects of solid explosives. Autodyne is best 
used for high material deformation and failure under loading of materials due to impact, 
pressure, and explosions. It includes both Lagrangian and Eulerian solvers for use of solid and 
fluid materials interaction in one simulation, as well as smooth particle hydrodynamics (SPH). 
For the purposes of this study, the Euler multi-material solver was used because the focus of the 
numerical study was a simple blast of an explosive in air. 
 In order to simulate a gas explosion of ethane and oxygen in Autodyne a new material 
would need to be defined. Autodyne can incorporate many equations of state, failure models, and 
material parameters to define the materials in its library. Explosives that are pre-defined can use 
a variety of equations of state but typically use a JWL (Jones-Wilkins-Lee) equation of state; 
TNT for example uses this EOS. However, many of these equations of state require fitting 
parameters and constants that are found through experimental data. This makes it challenging to 
define the gas mixture within Autodyne without knowing these parameters. Ideally, the EOS for 
the gas mixture could be represented and used to simulate its behavior because detonations in 
gases behave differently than that of detonation in solids. This is mainly due to density and 
stored energy. Similar to the way many other solid explosives are simulated, a scaled TNT model 
may be adequate for representing the Ethane-Oxygen explosion. Therefore, an alternate method 
is used to simulate the gas explosions, which is to use TNT scaled down in mass, to simulate the 
gas explosion. This Autodyne model was then compared to an analytical TNT model; The 
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Kinney-Graham model used in CONWEP and finally compared to a model for vapor cloud 
explosions called the Multi-Energy Method. 
  
5.1 Autodyne Model Setup 
 First, a simple two-dimensional 'wedge' model was used to simulate the air blast using an 
Euler multi-material solver where the materials were TNT and Air. A wedge model was chosen 
with the intention of re-mapping the results to a three-dimensional model were the wedge shape 
would be re-mapped as a sphere. A sphere was chosen as the best shape to represent the gas 
explosion because there is no change in pressure with respect to the location around the sphere, 
which is what was seen in the near field results of the experimental tests for the single 100L gas 
explosions. TNT and Air are defined in the Autodyne materials library where TNT is represented 
by a JWL equation of state and air is represented by an ideal gas equation of state. The wedge is 
used so it can be easily mapped to a three dimensional simulation as a spherical charge. The 
wedge used here has an outer radius of 15m so as to fully cover the range of distances that were 
covered in the experiment. The wedge was filled with air and then it was filled with TNT to an 
outer radius of 27mm. This radius was chosen because it gives an equivalent weight of TNT to 
the gas mixture used in the experiments. For a 100L bag fully filled with a density of 1.41 g/L, it 
has a total weight of 141 grams. If the TNT is represented as a sphere with a radius of 27mm and 
has a density of 1.65 g/cm3 then it would have a weight of 136.03 grams. The wedge was then 
given outflow boundary conditions on all sides except the symmetry axis to allow for the 
simulated blast wave to travel out of the simulation space without impedance. The mesh was set 
to be 2.5mm giving the wedge 6008 elements across its length and enough resolution to represent 
the 27mm TNT. The mesh size for the simulation has an effect on the solution accuracy, Jha 
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(2014) showed that for 10kg of TNT a mesh size of 1mm is 0.19% off the analytical Kinney-
Graham solution for an air blast and a mesh of 2.5mm gives a 0.79% difference in a two-
dimensional wedge model. The larger 2.5mm mesh size was chosen for this study to have 
enough accuracy compared to the analytical solution and to allow for the model to be re-mapped 
to a 3D simulation with the same mesh size. Virtual gauges were setup at one meter intervals 
from the center of the TNT to output data at those distances, specifically the overpressure and 
time history. Images of the model setup are shown in the following two figures. 
 
 
Figure 5.1 Autodyne images of wedge shape showing boundary locations, detonation point (red), 





Figure 5.2 Zoomed in view of the material location of the TNT (green) with respect to the overall 
wedge shape. 
 
 The model was run for 50 ms to allow more than enough time for the shockwave to reach 
the outer edge of the wedge. It was set to output data every 10 cycles so the shockwave position, 
time and magnitude could be recorded throughout the simulation. The following figures show the 
shockwave propagating from the small end of the wedge to the large end. The shock front in the 
simulation represents a typical shockwave, with a characteristic high-pressure front shown in red, 
following by a low-pressure zone shown in light and dark blue. As the shockwave moves from 
the inner diameter to the outer diameter of the wedge, the pressure will decay making the values 
of the contour plot change alongside it. This is most noticeable in the following figure where the 
pressure of the air preceding the shockwave changes color but does not actually change pressure, 






Figure 5.3 Autodyne simulation of 27mm TNT and Air in wedge shape 
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5.2 Remapping to 3D Model 
 To better represent the conditions of the experimental test, the two-dimensional axial 
model was remapped to a three-dimensional model with planar symmetry. The model was set-up 
with a 'box' geometry where the symmetry plane (x-z) was 15m long, the transverse plane (z-y) 
was 5m long and the height of the box was 3m. Similar to the experimental set-up, the gauges 
were placed from 1m to 12m from the charge. However, in the simulation, the gauges have no 
physical presence so they do not need to be spread out from one another like in the actual 
experiment, where if a gauge were directly behind another gauge, it would effect the shockwave 
coming to the second gauge and cause inaccurate readings. The results from the wedge 
simulation were remapped to the 3D model with the same mesh size. The remapped wedge and 
the gauges were all placed 1m above the ground. The following figures show the pressure 
contour plot of the detonation as it changes with time.  
 




Figure 5.5 3D pressure contour plot at 2.22 ms after detonation 
 
 The shockwave from the TNT will eventually reach the ground and reflect, creating a 
reflecting shockwave traveling directly normal to the ground's surface. The reflecting shockwave 
then interacts with the incident wave causing a coupling of the waves and the formation of a 
Mach stem, which will have a higher overpressure than the initial shockwaves. In the following 
figures, 5.6-5.9, this Mach stem appears to expand in the z-direction as it moves across the 
solution space in the x-direction. This Mach stem could, in theory, produce pressures higher than 
expected at the further gauges where the Mach stem reaches them. However, in both the 





Figure 5.6 3D pressure contour plot at 3.81 ms after detonation 
 






Figure 5.8. 3D pressure contour plot at 10.71 ms after detonation 
 




Figure 5.10 3D pressure contour plot at 26.24 ms after detonation 
 
5.3 Kinney-Graham CONWEP model 
 To evaluate the accuracy of the 3D Autodyne model, the solution was compared to an 
analytical solution from CONWEP. Although the boundary conditions are not exactly the same, 
a general comparison can be made. CONWEP is a software program that can estimate the blast 
parameters for a variety of blasts using a few analytical equations that were devised from small-
scale tests. For spherical air blast tests, such as the one being simulated here, CONWEP uses the 
Kinney-Graham equations for determining the peak overpressure and duration of the positive 
pulse. Many models predicting blast overpressures rely on scaling parameters to predict results 
of large-scale tests (1 million kg) from tests conducted on smaller scales (10 kg). The 
Hopkinson-Cranz (1915) scaling law is the most commonly used and will show two identical 
explosives with the same geometry but different charge size will produce the self-similar blast 
waves at the identical scaled distances. Where Z is the scaled distance in m/kg1/3, R is the 
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distance from the center of a spherical charge in meters and W is the charge mass in kilograms. 
 𝑍 = 𝑅𝑊1/3                                                             (17) 
  
Unlike many other methods for defining the blast parameters, the Kinney-Graham equations do 
not rely on a polynomial base and therefore do not have limits on the range for which they are 
valid. Once the scaled distance is known the peak incident overpressure (Ps) and the duration of 
the positive pulse (td) can directly be calculated for TNT. 
𝑃𝑠 = 𝑃0 808[1+( 𝑍4.5)2]√[1+( 𝑍0.048)2]∗√[1+( 𝑍0.32)2]∗√[1+( 𝑍1.35)2]                                     (18) 
                               𝑡𝑑 = 980[1+( 𝑍0.54)10]√[1+( 𝑍0.02)3]∗√[1+( 𝑍0.74)6]∗√[1+( 𝑍6.9)2] 𝑤1/3                                 (19) 
Here, P0 = ambient pressure 
 
5.4 Multi-Energy Method For Vapor Cloud Explosions 
Before any of the experimental testing, preliminary calculations were performed to 
estimate blast parameters for the gaseous explosive mixture used in this study. These calculations 
were conducted following the procedure outlined in Berg (1984) for the blast prediction of gas 
cloud explosions. The Multi-Energy Method is based upon numerical simulations of a blast wave 
from a centrally ignited spherical cloud with constant velocity flames. With this method, the 
scaled distances are calculated directly from the energy content of the gaseous mixture and it 
overcomes some deficiencies of simplified TNT equivalence methods. Using the TNT 
equivalency methods, the blast effects from gas cloud explosions are correlated to those from 
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equivalent explosive charges of TNT to quantify the intensity of the gas explosions. However, 
blast wave characteristics from TNT and similar high explosives can be significantly different 
from those from a gaseous explosion as described in previous sections. Gas cloud explosions can 
have a significant dependence on ignition energy and confinement. If the confinement is not 
uniform for the entire gas cloud, it is possible for parts of the cloud to detonate while other only 
deflagrate. The Multi-Energy Method is able to capture some of these traits to a certain extent. 
The downside of using this method is its dependence on a subjective choice for a 'class number' 
of the detonation. The first step to this method is determining properties of the gas in question 
such as volume, mass, stoichiometric concentration, and density. The next step will be to define 
if regions of the cloud are obstructed or may have any cause for a reaction that would not be 
consistent with the rest of the cloud. Once these regions are defined, a source strength and class 
number is assigned. The class number is defined from 1 to 10. Selection of this class number is 
not well defined and subjectively chosen by the user, some studies have provided guidelines for 
choosing this number such as Kinsella 1993 which bases the choice off ignition energy, level of 
confinement, and obstacle density. The blast parameters are then calculated for the scaled 
distance, the scaled overpressure and the positive scaled duration phase. The scaled distance is 
calculated using equation (20) below, from that and the class number the scaled parameters can 
be read from reference curves. Then the real blast parameters are then calculated from these 
scaled parameters with the following equations: ?̅? =  𝑟 ∗ (𝑝𝑎/𝐸)1/3                                                         (20) 𝑃 = ?̅?𝑠 ∗ 𝑝𝑎                                                               (21) 𝑇 = ?̅?𝑠 ∗ ( 𝐸𝑃𝑎)1/3 ∗ 1𝑎0                                                          (22) 𝐼 = 12 ∗ 𝑃 ∗ 𝑇                                                              (23) 
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Where, ?̅? = the scaled distance, r = the distance to the center of ignition (m), E = combustion 
energy of the fuel-air mixture (J), pa = atmospheric pressure (Pa), ?̅?𝑠 = scaled overpressure, T = 
positive duration time (s), ?̅?𝑠 = scaled positive duration, a0 = ambient sound speed (m/s), and I = 
positive impulse (Pa-s) 
 
Figure 5.11 Peak static overpressure blast model for exploding hydrocarbon mixtures 
 
Figure 5.12 Positive pulse duration blast model for exploding hydrocarbon mixtures 
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Since this model assumes a uniform, confined, vapor cloud being detonated from the 
center, this means that it will completely capture the conditions of the gas explosion used in the 
experimental test. MATLAB r2018a was used to estimate overpressure and positive phase 
duration based upon the volumetric energy of the gas. Figure 5.13 and 5.14 show the predicted 
blast overpressure and the positive phase duration using the MEM for the ethane-oxygen mixture 
compared to Autodyne model, the CONWEP data and the experimental results for the single 
100L mixture. 
 
Figure 5.13 Experimental results compared to multi-energy method, Kinney-Graham Model, and 




Figure 5.14 Experimental results compared to multi-energy method, Kinney-Graham Model, and 
Autodyne model for positive pulse duration vs. distance 
 
 
Table 5.1 Percentage difference between models and 100L experimental results for peak 
overpressure 
 
 1m 2m 3m 6m 8m 
MEM (gas) -14.0 23.9 -4.0 -21.1 -20.4 
Autodyne (TNT) 57.5 17.9 9.1 -17.5 -27.9 
CONWEP 
(TNT) 
81.9 16.8 0.67 -25.2 -34.6 
 
 The comparison between the three blast models and the experimental data show correlation 
but not good agreement. The MEM shows an underestimation of the overpressure at 1m by 36.2% 
while the TNT models from Autodyne and CONWEP overestimate the blast by 16.8% and 34.9% 
respectively. It must be noted however, this comparison is only for the far-field single 100L data 
for which there were multiple failures resulting in a single successful test. If assuming the same 
average standard of deviation among all the tests there would be a 10% deviation, which would 
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reduce the error for all the models significantly. As expected, the pressure decay of the models for 
the TNT is at a higher rate than that of the experiment or the MEM model where the TNT models 
predicted higher close distance pressures that quickly decayed to pressures lower than the 
experimental data. Similar is true of the positive duration values with the experimental data 
showing significantly longer durations than the TNT models. There appears to be a significantly 
higher duration value past 4.5 for the experimental data, which is unexpected. This point is most 
likely an error in the data analysis where a double peak from reflected waves coming from the 
walls of the testing area caused the duration to be almost doubled. The far-field gauges at 6m and 
further were located close to the walls of test pit making them more likely to record reflected 
waves. In addition there are many factors limiting the accuracy of the models. The CONWEP data 
uses empirical data to feed into analytical equations, which will then give the overpressure and 
duration values. However, when simulating a charge of 0.141 kg of TNT there is no actual data 
because that amount of TNT would be less than the critical diameter needed for TNT to detonate, 
meaning CONWEP scaling the results, which may not reflect the actual behavior of TNT at those 
length scales. All of the models are relying on a perfectly spherical charge with a fixed radius and 
a detonation occurring at its center making the overpressure values as high as possible. In contrast, 
the experiment had the detonation coming from the ignited gas traveling through a tube into the 
bag, which as seen in the many times the bags failed, may not induce a perfect reaction leading to 







CHAPTER 6 CONCLUSIONS 
 A series of tests were conducted for the ethane-oxygen gas mixtures at the Explosive 
Research Laboratory at Colorado School of Mines in Idaho Springs. These experiments were 
done with the purpose of investigating the effectiveness of an Ethane-Oxygen gas explosion as 
an alternative to using solid explosives for cleaning of industrial boilers and not damaging the 
condenser tubes. These were compared to other experimental studies with four different solid 
explosives (Unimax, Unigel, Powerx and Kinestik) that are used for industrial cleaning. Finally 
an Autodyne model was created using TNT to determine if the results of the Ethane-Oxygen 
explosions could be effectively represented using a solid explosive model. The results from the 
model and experiment were then compared to CONWEP data for the TNT and the Multi-Energy 
Method for the gas to verify the results. The results obtained from the testing and modeling show 
that:  
 The result of the experimental testing showed that there was no damage observed to the 
pipes when placed near the ethane-oxygen explosion even when subjected to multiple 
detonations. 
 The double bag studies resulted in higher peak overpressure values (~10 psi) at 2 m as 
compared to the single bags (~6 psi). The pressure decays to the safety threshold which 
was determined to be 2 psi at a distance of 6 m for all three bag configurations: Single 
100L, Double 100L, and Double 80L. This is only valid for the incident overpressure; 
reflected pressures due to pipes or other internal components within the boilers will 
increase the overpressure which may increase the safety distance. 
 In addition, the proximity tests where the pipes were located near the bags, had higher pressures 
that those without pipes. However, this did not affect the safety distance recommendation as those 
increases in pressure only occurred at distances under 2m and then converged after that distance, 
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meaning they are more effective for industrial cleaning at closer ranges but don’t need extra 
precautions. The near-field tests for the gas mixtures also demonstrated that the orientation for 
single 100L bags has little effect on the blast profile around the bag, but for the double bag 
orientations the blast overpressure is much higher at the ends of the bags as opposed to between 
them. More testing with more emphasis on consistency between the bags will help further 
substantiate this conclusion 
 There was inconsistency from the bags themselves, they are made from a thin plastic that 
can easily be stretched or torn. This stretching and tearing can cause a loss of pressure 
within the bags before and during the explosion, which will suppress the ability for the gas 
mixture to detonate. These failures to detonate resulted in overpressures less than 1 psi, 
which will cause no negative effects to personnel or equipment. However, these low 
pressures also will have no effect on slag removal. 
 For the evaluated solid explosives the peak overpressures were similar to that of the gas at 
values from 4-11 psi at 2 m. However, the decay of the solid explosives overpressure is 
much steeper than that of the gas explosives making the 2 psi threshold closer at 4m for 
the Unimax and Unigel, 5m for the Kinestik, and 6m for the Powerx. This can also be seen 
in the duration of the positive pulse from the blast wave, which is much longer for the gas 
explosions compared to the solid explosives. The numerical results mirror this idea with 
the CONWEP and Autodyne studies showing lower positive pulse duration than that of the 
Multi-Energy Method and higher overpressures. In addition, all of the models significantly 
under predicted the experimental results for the duration of the positive pulse at distances 
past 4.5 meters most likely due to the configuration of the test range, but this will need to 
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APPENDIX A ADDITIONAL RESULT PLOTS 
 
 
Figure A.1 Scatter plot of experimental data of positive pulse duration compared to MEM 
 
 





Figure A.3 Proximity comparison of experimental gas explosion peak overpressure with 
Kingery-Bulmash approximation of 1kg of TNT 
 
 
Figure A.4 Log scale plot of proximity tests with the numerical and analytical simulaitons of an 





Figure A.5 Zoomed in view of positive pulse duration curves for the 100L tests compared with 









Figure B.1 Survival curves predicted for 70 kg man in situations where the long-axis of the body 




Figure B.1 Probability curves for ear damage from incident peak overpressure and positive pulse 













Figure C.2 CONWEP plot for peak overpressures for 1 kg of TNT 
